study question: Can plasma microRNAs be used as a non-invasive diagnostic test for the detection of endometriosis? summary answer: Plasma miR-17-5p, miR-20a and miR-22 are down-regulated in women with endometriosis compared with those without endometriosis in mainland China.
Introduction (May et al., 2010) . Laparoscopic inspection of the pelvis is currently the gold standard for diagnosis of endometriosis (Kennedy et al., 2005) , but the invasive nature, associated morbidity and cost have hampered its wide application (El-Kasti et al., 2011) . Furthermore, only 70-75% of visually diagnostic lesions are confirmed histologically (Spaczynski and Duleba, 2003) . On the other hand, pelvic imaging, blood markers or endometrial alterations have not yielded sufficient power for clinical use (May et al., 2010 (May et al., , 2011 . Thus, there is a pressing need to develop a non-invasive diagnostic test for endometriosis.
The recent discovery of microRNAs, which are small non-coding RNAs of 19-25 nucleotides that inhibit mRNA translation or induce its degradation, has provided new insight into the regulation of gene expression (Ambros, 2004; Ebert and Sharp, 2012) . Aberrant micro-RNA expression has been implicated in a number of human diseases, including endometriosis (Teague et al., 2010) . Several investigators have identified the different microRNA expression profiles in the eutopic endometrium of women with and without endometriosis (Pan et al., 2007; Toloubeydokhti et al., 2008; Burney et al., 2009; Ramon et al., 2011; Dai et al., 2012) and between ectopic and eutopic endometrial samples from the same women (Pan et al., 2007; Toloubeydokhti et al., 2008; Ohlsson et al., 2009; Filigheddu et al., 2010; Ramon et al., 2011; Dai et al., 2012) . They also have demonstrated that microRNAs may regulate cellular events that are critical to the pathogenesis of endometriosis, its suppression of fertility and its potential as a semi-invasive test for endometriosis (Teague et al., 2010; Hawkins et al., 2011; Dai et al., 2012) .
Circulating microRNAs, first described in serum from patients with diffuse large B cell lymphoma in 2008 (Lawrie et al., 2008) , have emerged as an important mine of non-invasive biomarkers (Cortez et al., 2011) . Altered circulating microRNA profiles have already been linked to various disease states, including tumor burden and malignant progression (Cortez et al., 2011; Schwarzenbach et al., 2011) , cardiovascular diseases (Vickers et al., 2011) , neurodegenerative diseases (Salta et al., 2012) , metabolic disorders (Rottiers and Naar, 2012) and pregnancy-related complications (Zhao et al., 2012) . Furthermore, a strong correlation was demonstrated between the micro-RNA profiles of serum/plasma and cancer tissues (Resnick et al., 2009; Wang et al., 2010) , suggesting that microRNAs may be released from tissues and shed into the circulation. This hypothesis was also proven in a mouse model of human prostate cancer, where humanspecific microRNAs originating from human prostate cancer xenografts were readily detected in the plasma of xenografted mice, but not in controls (Mitchell et al., 2008) . Considering the important roles of microRNAs in the development of endometriosis (Burney et al., 2009; Teague et al., 2010; Hawkins et al., 2011) , it was hypothesized that plasma microRNAs might be differentially expressed in women with endometriosis (Teague et al., 2010) . Therefore, the objective of the present study was to evaluate the feasibility of using plasma microRNAs as a non-invasive diagnostic test for the detection of endometriosis.
Materials and Methods
This study was approved by the human ethics committees of the Peking Union Medical College Hospital, Beijing, PR China, and written informed consent was obtained from all subjects before blood collection.
Patients
Forty-six women aged 22 -45 years were enrolled for this preliminary prospective study between January 2012 and May 2012. All women included in the study underwent laparoscopy for various indications, including pelvic masses, pelvic pain, infertility and uterine leiomyoma. During laparoscopy, a thorough inspection of the abdominopelvic cavity was performed to detect any typical or atypical endometriotic lesion, and all possible endometriotic lesions were excised and sent for pathological examination for confirmation of diagnosis. Women were assigned to an endometriosis group or endometriosis-free control group based on pathological reports of the excised tissues. The extent of endometriosis was determined according to the American Society of Reproductive Medicine (ASRM) revised system (Revised American Society for Reproductive Medicine, 1997). The menstrual cycle phases were recorded as proliferative phase (cycle days 6 -15) or secretory phase (cycle days 16 -28) after adjustment to a 28-day cycle.
Twenty-three women (mean age: 34.1 years; range: 25 -44 years) had histologically confirmed endometriosis (stage III and IV). Twenty-three women (mean age: 32.1 years; range 22 -45 years) served as controls, and the diagnoses of the control group were as follows: uterine leiomyoma (n ¼ 14), mature teratoma (n ¼ 4), simple cysts (n ¼ 3) and unexplained infertility (n ¼ 2). Women with post-menopausal status, previous hormonal use within 3 months, adenomyosis or malignancy were excluded from this study.
Plasma collection and RNA extraction
Peripheral blood samples (2 ml) were collected into EDTA-containing tubes immediately before administration of anesthesia for laparoscopy. Whole blood was centrifuged at 1200g for 15 min at room temperature within 30 min after blood collection, and the supernatant was transferred into microcentrifuge tubes, followed by a second centrifugation at 12 000g for 10 min at 48C to remove cellular debris. Plasma was then aliquoted and stored at 2808C until use.
Total RNA was extracted from 400 ml of plasma using the mirVana TM RNA Isolation Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's specifications, and eluted with 100 ml of nucleasefree water. Subsequently, we concentrated the RNA in a final volume of 20 ml. The yield of RNA was determined using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). 
MicroRNA microarray expression profiling

Real-time quantitative RT -PCR
Plasma samples from 40 women (20 endometriosis and 20 control women), which were distinct from those subjected to microarray profiling, were used to validate the findings from microRNA profiling. Five microRNAs (miR-15b-5p, miR-17-5p, miR-20a, miR-21 and miR-26a) were selected because their abnormal expressions in ectopic or eutopic endometrium in endometriosis had been reported in previous studies: miR-15b-5p (Ramon et al., 2011), miR-17-5p (Toloubeydokhti et al.,
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2008; Ramon et al., 2011 ), miR-20a (Pan et al., 2007 Ramon et al., 2011) , miR-21 (Pan et al., 2007; Ramon et al., 2011) and miR-26a (Pan et al., 2007) . We selected miR-22 because its downstream target is hypoxia-inducible factor-1 a (HIF-1 a) (Yamakuchi et al., 2011) . We selected miR-16 as an internal normalization control in plasma, since a number of studies have shown that miR-16 is expressed at similar levels in most tissues, and it has expression levels of higher stability and less variability in the circulation (Ng et al., 2009; Reid et al., 2011) . Quantification using the SYBR green quantitative RT-PCR assay (Qiagen, Germany) was performed with a two-step reaction process: reverse transcription (RT) and PCR. Each RT reaction consisted of 10 ml of plasma RNA, 4 ml of miScript RT Buffer (Qiagen, Germany) and 1 ml of miScript Reverse Transcriptase Mix (Qiagen, Germany), in a total volume of 20 ml. Reactions were performed in a Mastercycler Thermocycler (Eppendorf, Hamburg, Germany) for 60 min at 378C, followed by heat-inactivation of RT for 5 min at 958C. The 20 ml RT reaction mix was then diluted × 4 in nuclease-free water and held at 2208C.
Real-time PCR was performed using ABI PRISM 9700 system (Applied Biosystems) with 20 ml PCR reaction mixture that included 2 ml of the cDNA, 10 ml of 2 × QuantiTect SYBR Green PCR Master Mix (Qiagen, Germany), 2 ml of 10 × miScript Universal Primer (Qiagen, Germany), 2 ml of 10 × miScript Primer Assay and 4 ml of nuclease-free water. Reactions were incubated in a 96-well optical plate at 958C for 10 min, followed by 40 cycles of 958C for 15 s, 558C for 30 s and 708C for 30 s. Each sample was run in triplicate for analysis. At the end of the PCR cycles, melting curve analyses were performed to validate the specific generation of the expected PCR product. The microRNA-specific primer sequences were designed in the laboratory and synthesized by Invitrogen Life Technologies (Invitrogen, CA, USA) based on the microRNA sequences obtained from the miRBase database (Kozomara and GriffithsJones, 2011) as follows:
The expression levels of microRNAs were normalized to miR-16 and were calculated using the 2 -DDCt method (Livak and Schmittgen, 2001 ). determine the difference of clinical characteristics between two groups where appropriate. Expression levels of plasma microRNAs were compared using the Mann-Whitney U-test. MicroRNA data are presented as fold change relative to the women without endometriosis group (control plasma ¼ 1). Receiver operating characteristics (ROC) curves and the area under the ROC curve (AUC) were established to evaluate the diagnostic value of plasma microRNAs for differentiating between endometriosis and controls. An AUC of 0.5 indicates classifications assigned by chance. Based on ROC analysis, the best statistical cut-off values of plasma microRNAs were calculated, and the sensitivity and specificity for selected cut-off points were then assessed. All statistical analysis was performed using Graphpad Prism 5.01 (Graphpad Software Inc., San Diego, CA, USA). P-values of ,0.05 (two-tailed) were considered statistically significant.
Statistical analyses
Results
Clinical characteristics
The clinical characteristics of participants are shown in Table I . The mean age (mean + SD) of patients with and without endometriosis was 34.1 + 5.03 and 32.1 + 6.95 years, respectively. There were no significant differences in distribution of menstrual phase or infertility between the two groups. Women with endometriosis were more likely to report moderate-to-severe pelvic pain (VAS ≥ 5) than controls (52.17 versus 17.39%, respectively; P , 0.029). All women with endometriosis were staged III (n ¼ 11/23) and IV (n ¼ 12/23), and deep infiltrating endometriosis (DIE) was histologically confirmed in approximately half of the women (n ¼ 11/23).
MicroRNA microarray expression profiling
Plasma microRNA profiling detected an average of 132 microRNAs from six samples. We identified 27 plasma microRNAs with significantly different expression levels in women with endometriosis compared with those with leiomyoma (more than a 2-fold change; P , 0.05), all of which were significantly down-regulated in women with endometriosis. The list of the differentially expressed microRNAs identified by microarray analysis is shown in Table II .
In unsupervised hierarchical clustering analysis, normalized microarray expression data for the 27 microRNAs showing differential expression in the six plasma samples (three with endometriosis and three with uterine leiomyoma) were used to generate a heat map. The samples were self-segregated into the endometriosis and control clusters (Fig. 1) .
Validation of profiling data using qRT -PCR
To confirm the reliability of miR-16 as an internal normalization control in plasma, we evaluated the expression level of miR-16 in all plasma samples, and our data demonstrated that miR-16 was readily detectable in the plasma of all samples. No significant difference was observed in terms of Ct values of miR-16 (P ¼ 0.11; MannWhitney U-test) between women with and without endometriosis.
Using miR-16 as normalization control, the trends for downregulation of microRNA expression were consistent in all six qRT -PCR measurements (Fig. 2a and b) . Our data indicated that miR-17-5p, miR-20a and miR-22 were significantly down-regulated in women with endometriosis compared with those without endometriosis (P ¼ 0.011, 0.0020 and 0.0002, respectively) (Fig. 2a) . The remaining three microRNAs, miR-15b-5p, miR-21 and miR-26a, did not demonstrate a statistically significant difference in expression between plasma from women with and without endometriosis (P ¼ 0.076, 0.41 and 0.10, respectively) (Fig. 2b) .
Compared with women with leiomyoma (n ¼ 11/20), those without leiomyoma (n ¼ 9/20) showed a significantly lower expression of plasma miR-20a (P ¼ 0.011, Mann-Whitney U-test). No significant difference was observed for the remaining five microRNAs, including miR-15b-5p, miR-17-5p, miR-21, miR-22 and miR-26a (P ¼ 0.38, 0.10, 0.68, 0.07 and 0.97, respectively) (Fig. 2c) . We also performed a subgroup analysis between women with rAFS stage III and stage IV, women with simple endometrioma and those with complicated DIE. In general, no significant association between the six selected plasma microRNAs and rAFS stages or DIE status was found (data not shown).
ROC curve analyses revealed that the plasma levels of both miR-17-5p, miR-20a and miR-22 were useful biomarkers for At the cut-off value of 0.9057 for miR-17-5p, the sensitivity and specificity were 70.0 and 70.0%, respectively. At the cut-off value of 0.6879 for miR-20a, the sensitivity and specificity were 60.0 and 90.0%, respectively. With respect to miR-22, a sensitivity of 90.0% and a specificity of 80.0% were obtained at the cut-off value of 0.5647. We also examined if the combination of a panel of microRNAs could improve the diagnostic power. When the three microRNAs were combined by multiplication (miR-17-5p × miR-20a, miR-17-5p × miR-22, miR-20a × miR-22 and miR-17-5p × miR-20a × miR-22, respectively), the AUC values for differentiating women with and without endometriosis were 0.79 (95% CI: 0.65 -0.93), 0.87 (95% CI: 0.74 -0.99), 0.88 (95% CI: 0.76 -1.00) and 0.90 (95% CI: 0.80 -1.00), respectively (Fig. 3) .
Discussion
Endometriosis is associated with a 6.7 year average diagnostic delay, resulting in serious progress of the disease and impairment in quality of life (Nnoaham et al., 2011; Tokushige et al., 2011) . It is estimated that 10% of women in their reproductive age suffer from endometriosis (Giudice, 2010) ; however, the precise epidemiology is unknown due to a lack of reliable non-invasive tests. Thus, discovery of an accurate and sensitive biomarker is one of the main priorities in current endometriosis research (Rogers et al., 2009) . Circulating biomarkers in blood and urine, which are inherently non-invasive, are considered paramount. Considerable effort has been invested in studying the levels of cytokines and growth factors in serum, plasma and urine (May et al., 2010; Tokushige et al., 2011; Cho et al., 2012; Reis et al., 2012) ; however, none of these are sufficiently sensitive or specific to be translated into clinical diagnosis for endometriosis (May et al., 2010) . CA-125 is still the only serum marker of endometriosis used in clinical practice in the past 20 years, despite its low sensitivity (Mol et al., 1998) .
In the current study, we used array-based profiling of plasma microRNAs to identify potential biomarkers for endometriosis. Our data demonstrated the feasibility of using plasma microRNAs to discriminate endometriosis. We identified significantly reduced levels of miR-17-5p, miR-20a and miR-22 in the plasma of Han Chinese women with moderate-to-severe endometriosis, which yielded AUC values of 0.74, 0.79 and 0.85, respectively. To the best of our knowledge, this is the first study on the quantitative assessment of plasma microRNAs in women with endometriosis, which provides a promising new opportunity for detection of endometriosis.
Circulating microRNAs, which are non-invasive biomarkers for cancer detection, were first described by Lawrie et al. (2008) . The authors demonstrated that serum levels of miR-21 were associated with relapse-free survival in patients with diffuse large B-cell lymphoma. Since then, an increasing number of studies have reported changes in circulating microRNAs in different diseases (Schwarzenbach et al., 2011) . In addition, unique expression profiles have been identified for different cancer types, although some of the microRNAs are commonly detected in a number of different cancer types, such as miR-21, miR-92 and miR-155 (Chen et al., 2008; Cortez et al., 2011; Reid et al., 2011) . Altered circulating microRNA profiles are also associated with hepatic injury (miR-122) (Wang et al., 2009) , atherosclerosis (miR-223) (Vickers et al., 2011) , type 2 diabetes (miR-126) (Zampetaki et al., 2010) , essential hypertension (let -7e) (Li et al., 2011) and ectopic pregnancy (miR-323-3p) (Zhao et al., 2012) . In comparison to the traditional protein-based biomarkers, circulating microRNAs meet many requisite features of good biomarkers, such as stability in various bodily fluids (Ng et al., 2009) , tissues or biological specificity (Wang et al., 2009) , relatively modest number (Kozomara and Griffiths-Jones, 2011) and easy measurement (Cortez et al., 2011; McDonald et al., 2011) .
There is growing evidence that specific microRNAs are involved in the development and progression of endometriosis through the regulation of broad signaling pathways, including inflammation (Lin et al., 2012) , local estrogen biosynthesis (Toloubeydokhti et al., 2008) , progesterone resistance (Burney et al., 2009) , cell invasion (Dai et al., 2012) , extracellular matrix remodeling (Ohlsson et al., 2009 ), angiogenesis (Hawkins et al., 2011; Ramon et al., 2011) and epigenetic regulation (Filigheddu et al., 2010) in endometriotic tissues. In the present study, we observed significantly lower expression of miR-17-5p and miR-20a in plasma from women with endometriosis compared with controls. Both miR-17-5p and miR-20a comprise a down-regulated microRNA cluster in endometriotic lesions (Ramon et al., 2011) . Low levels of these microRNAs may ease posttranscriptional suppression of their up-regulated mRNA targets, including anti-apoptotic protein B-cell CLL/lymphoma 2 (BCL2) (Inomata et al., 2009) and cell cycle repressor cyclin-dependent kinase inhibitor 1A (CDKN1A/p21) (Cloonan et al., 2008) , resulting in enhanced cell survival and repressed cell proliferation in endometriosis (Flores et al., 2007) . Furthermore, miR-17-5p/20a targets transforming growth factor-b (Volinia et al., 2006) and interleukin-8 , and the reduced expression of these microRNAs may contribute to the local inflammation environment and tissue remodeling during endometriotic lesion development (Kyama et al., 2006) . In addition, down-regulation of miR-17-5p/20a is associated with overexpression of hypoxia-inducible transcription factors (HIF-1a) (Taguchi et al., 2008) and vascular endothelial growth factor (VEGF-A) (Lei et al., 2009) , leading to neoangiogenesis (Tsuzuki et al., 2012) . In contrast, two reports from the same group showed that miR-17 and miR-20a were up-regulated in ectopic endometrium compared with eutopic endometrium and normal endometrium (Pan et al., 2007; Toloubeydokhti et al., 2008) . It is possible that the small sample size and different origins of ectopic endometrium of those studies contributed to this discrepancy (Ramon et al., 2011) .
Little is currently known about the function and role of miR-22 in endometriosis. Significantly lower expression of miR-22 has been observed in women with endometriosis compared with those with leiomyoma using microarray analysis (Pan et al., 2007) . The expression of miR-22 was also found to be significantly lower in isolated endometrial glandular epithelial cells than endometrial stromal cells (Pan et al., 2007) . However, no confirmed and functional study has been conducted to explore this phenomenon. Down-regulation of miR-22 has been observed in various tumor types (Xiong, 2012) , including those involved in the malignant transformation of endometriosis (Nagaraja et al., 2010) . In vitro studies have demonstrated that knockdown of miR-22 enhances hypoxic and NF-kappa B pathways (Takata et al., 2011; Yamakuchi et al., 2011) , which have been linked to the pathogenesis of endometriosis (Gonzalez-Ramos et al., 2007; Becker et al., 2008) . Furthermore, miR-22 targets HIF-1a in colon cancer cells (Taguchi et al., 2008) , and hypoxia-induced HIF-1a expression is associated with VEGF overexpression in human endometrial stromal cells in vitro (Tsuzuki et al., 2012) . Thus, miR-22 may be associated with the pathogenesis of endometriosis, which is a potentially important topic that can be explored in future studies.
Notably, all 27 plasma microRNAs identified during the microarray process were significantly down-regulated in women with endometriosis. Little is known about the mechanisms by which microRNAs are generated in plasma and the biologic impact of these molecules in distant sites of the body (Cortez et al., 2011) . Tissue studies of the normal endometrium as well as paired eutopic and ectopic endometrium samples have also shown a similar progressive decline in micro-RNA expression from endometrium to ectopic endometrium (Pan et al., 2007) . This phenomenon was also observed in Burney et al.'s microarray profiling study (2009), which identified a total of six microRNAs differentially expressed and down-regulated (fold change ≥1.5) in women with versus without endometriosis. Furthermore, a strong association between microRNA profiles of the serum/plasma and cancer tissues has been demonstrated in studies in cancer (Resnick et al., 2009; Wang et al., 2010) , and tumor resection can restore the altered microRNA expression profiles of serum/plasma in patients with liver, breast and colorectal cancer (Ng et al., 2009; Yamamoto et al., 2009; Heneghan et al., 2010) . Thus, it is possible that the expression of plasma microRNAs may return to normal after surgical excision of endometriotic lesions, but this hypothesis requires further evaluation.
Although the results of our pilot study are promising, there were several limitations. First, the sample size was small and all cases were rAFS stage III -IV, and therefore further validation in larger cohorts of patients with early stages of the disease is necessary. Second, our control group had various other benign diseases, which may have impacted the levels of plasma microRNAs. However, choosing adequate control groups is a complex task in endometriosis research ). In the current study, all of the control subjects were laparoscopically and histologically confirmed to be endometriosisfree, which may strengthen our findings. Furthermore, only miR-20a was significantly differentially expressed in the subgroup analysis between women with and without leiomyoma. Third, we selected three homogenous uterine leiomyoma (intramural leiomyoma, proliferative phase) patients for the initial microarray profiling, to eliminate the potential influence of the menstrual cycle and local hyper-estrogenic state on the expression of plasma microRNA. Women with uterine leiomyoma were involved in previous studies that compared microRNA expression in the endometrium of women with and without endometriosis (Burney et al., 2009; Hawkins et al., 2010) . Furthermore, these two disorders may be associated with each other (Huang et al., 2010; Uimari et al., 2011) , and a hyper-estrogenic state might have a role in the development of both fibroids and endometriosis (Uimari et al., 2011) .
There are still pre-analytical and analytical challenges in the analysis of circulating microRNAs. We used plasma microRNAs in our analysis, as studies have shown that microRNA concentrations were higher in plasma than in serum (McDonald et al., 2011) . Another issue that remains to be addressed is how to normalize or compare microRNA measurement results between samples. Frequently used reference genes, such as U6 small nuclear RNA and 5S ribosomal RNA, have been shown to have lower expression stability and can be degraded in serum samples (Chen et al., 2008; Cortez et al., 2011) . We selected miR-16 as the normalization control because of its higher stability and less variability in circulation compared with other microRNAs (Ng et al., 2009; Cortez et al., 2011; Reid et al., 2011) . Although the addition of synthetic, single-stranded microRNA may represent an interesting approach to circumventing normalization issues, more studies are necessary to determine an accurate normalization protocol (Cortez et al., 2011) .
In summary, our pilot study has shown that plasma miR-17-5p, miR-20a and miR-22 are down-regulated in women with endometriosis, which raises the potential clinical utility of plasma microRNA profiling in endometriosis diagnosis. Although this approach is technically challenging, and the exact mechanisms of how microRNAs enter plasma as well as their biological functions remain unknown and will require further investigation, we believe that plasma microRNAs are a promising diagnostic tool for endometriosis.
